Yttrium-doped barium zirconate ceramic powders were synthesized by the oxidant peroxide method in air and under controlled atmosphere of nitrogen inside a glove box. The powders were characterized by thermogravimetry, X-ray diffraction, scanning electron microscopy and transmission electron microscopy. After uniaxial cold isostatic pressing, green pellets were sintered at 1600°C for 4 h. The electrical conductivity behavior was accessed by electrochemical impedance spectroscopy. The results show that specimens synthesized under controlled atmosphere achieved higher electrical conductivity, two orders of magnitude higher than specimens prepared in laboratory air. The enhancement in electrochemical properties and increase in sintering ability is attributed to the less carbonate contamination as a result lower grain boundary density in the samples prepared under controlled atmosphere.
Introduction
Solid oxide fuel cells (SOFCs) have attracted increased attention due to their high conversion efficiency of chemical energy into electricity with low environmental impact, compared to fuel combustion [1] [2] [3] [4] [5] . SOFCs are also a sustainable alternative to energy production over other hydrogen-based technologies. Even though hydrogen does not contribute to the greenhouse effect, this element is not available in the environment in the sense that expensive methods must be employed for its synthesis, separation and purification. In addition, hydrogen handling and storage have to be carefully addressed because of safety issues. This is the main reason for continuing research to find new solutions for hydrogen production, which could be achieved under solid oxide fuel cell operation, fueling the cell with hydrogen containing species (internal reform). Since cell operation occurs at high temperatures (800-1000°C), methane and hydrocarbons can be directly injected into the cell for in situ production of hydrogen, which is then consumed for electricity production. The most developed and commercially available SOFCs are based on oxygen ion conducting solid electrolytes and the operating temperature is in the 600-1000°C range [5] . Yttria-stabilized zirconia (ZrO 2 : 8 mol% Y 2 O 3 ) is considered the state-of-the-art solid electrolyte for high temperature SOFCs. This electrolyte has predominant ionic conduction reaching 0.1 S/cm at 1000°C. However, there are several problems associated with the high temperature, including thermal expansion mismatch of components, cell poisoning and degradation due to CO and CO 2 formation leading to carbon deposition (coking), decreasing cell performance and lifetime [6] [7] [8] . Therefore, efforts continue to reduce SOFC working temperature to an intermediate range (650-850°C, ITSOFC) [9, 10] and even a lower range (400-650°C. LTSOFC [11] .
Oxides with perovskite structure based on barium cerate and barium zirconate, and a combination of both (BCX, BZX e BCZX, X¼ trivalent cation -Y 3 þ , Gd 3 þ ) are proposed for application as solid electrolytes in ITSOFCs. In addition, yttrium-doped barium zirconate (BYZ) has also been proposed as the best choice due to its high chemical stability under CO 2 -rich atmospheres and high mechanical resistance, and high proton conductivity at intermediate temperatures [12] [13] [14] [15] . Indeed, the bulk conductivity at 500°C of barium zirconate containing 20 mol% Y 3 þ in solid solution (BZY20) is comparable to the conductivity of gadoliniumdoped ceria (Ce 0.9 Gd 0.1 O 2 À δ ), which is one of the best oxygen-ion conductors [12] . However, the major concern is on the total proton conductivity, i.e., bulk and grain boundary conductivities. Due to the refractory nature of BZY, it has limited grain growth during sintering, which leads to a high density of grain boundaries and a high electrical resistivity. BZY powders are usually synthesized by solid state reaction of the precursor oxides, which generally leads to nonstoichiometric compounds. Moreover, the specimens must be exposed to aggressive sintering conditions to obtain pellets with density high enough for use as solid electrolytes in ITSOFCs. The conditions involving very high temperatures and long dwell
Contents lists available at ScienceDirect journal homepage: www.elsevier.com/locate/ceramint times for synthesis and sintering ( 41700°C, 424 h) lead to barium loss, resulting in electrical conductivity decrease [16] . This is the major drawback when developing electrochemical devices based on barium zirconate. Therefore, the main challenge is to achieve dense ceramic bodies, while applying sintering conditions that could inhibit barium loss with lower grain boundary electrical resistivity [14, [16] [17] [18] . Many synthesis and processing techniques have been applied for making better quality solid electrolytes: wet-chemical synthesis, co-doping, and sintering aids, among others. Very recently, BZY protonic ceramic fuel cells with high power output have been reported using BZY solid electrolytes sintered with CuO sintering aid [19] . Wet-chemical routes have already been used to produce powder particles with higher sinterability to obtain pellets sintered at relatively low temperatures [16, 18, [20] [21] [22] [23] [24] . A total proton conductivity of $0.01 S/cm at 450°C in a polycrystalline BZY20 sample produced by a sol-gel route was reported. The high proton conductivity was achieved in large-grain samples produced from a nanocrystalline precursor and reactive sintering (in presence of BaCO 3 ) [25] . The decrease of proton conductivity in BZY compounds containing higher than 20 mol% yttrium is related to the reduced symmetry due to lattice distortions, increased oxygen basicity (Y 3 þ is less electronegative than Zr 4 þ ) and proton trapping effects due to the formation of dopant-defect associates which reduce the mobility of charge carriers [26] [27] [28] [29] [30] [31] [32] . Among the synthetic routes, the oxidant peroxide method (OPM) is also very promising since it is free from common contaminants such as carbon or halides [33] . Besides, this method allows the formation of stoichiometric powders with reactive nanoparticles [33] [34] [35] [36] [37] [38] . In the present work, experiments were carried out on the synthesis by the oxidant peroxide method of BaZr 0.9 Y 0.1 O 3 À δ following two approaches: i) under usual laboratory air and ii) under controlled nitrogen atmosphere inside a glove box. The main idea was to compare sintered ceramic pellets prepared with powders subjected to these two atmosphere conditions, aiming to avoid the formation of aggregates of the powder particles, known to be due to the presence of chemical species attached to the as precipitated precursor particles [39] . It is expected that powders with cleaner particle surfaces should produce better sintering conditions for obtaining pellets with improved electrical properties. Morphological and electrical characterizations were performed on the sintered pellets.
Material and methods
Ceramic powders of composition BaZr 0.9 Y 0.1 O 3 À δ (BZY10) were synthesized by the oxidant peroxide method (OPM) by two different approaches: (i) in laboratory air, referred hereafter as AIR, and (ii) inside a glove box under nitrogen atmosphere, referred as N 2 . The starting materials and the synthesis procedure have been described elsewhere [31, 38] .
AIR powders
The precursor powders obtained by the synthesis in air were calcined at 900°C/4 h and 1200°C/2 h with 10°C/min heating and cooling rates. Thermogravimetric analyses of the precursor powder were performed in a Netzsch STA 409E thermal analyzer. About 60 mg of sample was heat treated from 25 to 1200°C with heating rate of 10°C/min under nitrogen. Buoyancy corrections were made by recording baselines with empty crucibles. X-ray fluorescence analyses were carried out in Shimadzu EDX-720 equipment.
N 2 powders
The N 2 samples were calcined at 900°C/4 h and 1200°C/24 h, with 10°C/min heating and cooling rates.
The thermal profile of the precursor powder was monitored by thermogravimetric analysis in a Netzsch STA 449 analyzer with $ 20 mg of sample, heating under argon from 25 to 1200°C with 10°C/min heating rate. Buoyancy corrections were made by recording baselines with empty crucibles. The chemical composition was evaluated by quantitative chemical analysis in a WDS Cameca SX-100 electron microprobe, with 15 kV accelerating voltage, probe current 20 nA and beam size 1 mm. For the analysis, the calcined powders were pressed into 5 mm diameter pellets and sintered at 1200°C for 24 h; the surface was polished and carboncoated. The composition of the sample was determined using an average of 6-10 points. Both powder samples synthesized in air or under N 2 were subjected to powder X-ray diffraction in a D8 Advance Bruker-AXS diffractometer equipped with Cuk α radiation in 2θ range from 20 to 80°with a step size 0.02°/s. Jade 6.1 software (Materials Data Inc.) was employed for phase identification of the X-ray data. The lattice parameters were evaluated with the Unit Cell software.
BZY10 compacts
The calcined BZY10 powders were uniaxially cold pressed at 18 MPa to cylindrical pellets with 5 mm diameter and 2 mm thickness. The pellets were embedded in 10 mol% Ba-excess BZY10 powder, to avoid barium volatilization, inside zirconia crucibles with lids, and sintered in air in a Zircar Hot Spot 110 Furnace at 1600°C/4 h with 3°C/min heating and cooling rates.
The investigation of the morphology of calcined powders and their fracture surfaces was carried out in a FEI Inspect F50 scanning electron microscope. The complementary morphological characterization of all calcined samples, produced either in laboratory air or under nitrogen atmosphere, was performed in a FEI Tecnai TF20 field emission gun high-resolution transmission electron microscope.
The electrical conductivity of the sintered pellets was evaluated by impedance spectroscopy with a Hewlett Packard 4192 A analyzer connected to a Hewlett Packard series 360 Controller. Silver electrodes were applied onto the parallel sample surfaces. The measurements were performed in laboratory air (65% R.H.) from 200 to 600°C in the 5 Hz to 1.3 Â 10 7 Hz frequency range under 200 mV voltage. Special software was used to collect the [ À Z′′(f) Â Z′(f)] impedance spectroscopy data and also for deconvolution of the impedance diagrams [40] for the evaluation of bulk and grain boundary electrical resistance. The impedance spectroscopy diagrams were normalized by the geometrical factor of the pellets (S/ L, S ¼electrode area, L¼ pellet thickness).
Results and discussion
Fig . 1 shows the thermal behavior of both BZY10 samples produced by the OPM under laboratory air (AIR) and under controlled nitrogen atmosphere (N 2 ). The mass loss of the AIR sample reached 27.5%, which is 5.5% higher than the value found for the N 2 sample. The thermal event related with the water loss that takes place up to 250°C is similar in both samples. The mass loss corresponding to the complete degas/bulk dehydration, which is known to occur between 600 and 700°C in protonic conductors, starts at a temperature at least 40°C lower in the N 2 sample than the AIR sample. Another important observation is the decarbonation events that usually start at approximately 800°C. A possible carbonate phase in the AIR sample continues to decompose up to 1200°C and the heat treatment was not sufficient to complete the decarbonation event as it does not reach constant mass at the end of the measurement. The N 2 sample shows a minor mass loss from 800°C to 900°C, and for higher temperatures the sample mass remains approximately constant.
The thermal behavior indicates that producing BZY10 powders under N 2 prevents large contamination with CO 2 from the ambient, leading to cleaner particle surfaces than for samples prepared in air.
The Fig. 2a and b illustrate the X-ray diffraction patterns of BZY10 powders synthesized in air and under N 2 . The cubic perovskite phase was indexed (PDF #06-0399) for all samples. The BZY10 -N 2 sample heat treated at 1200°C/24 h is single phase while an additional BaCO 3 phase (PDF #5-378) is still present in case of air synthesized samples. The presence of BaCO 3 second phase in XRD pattern even after heating to 1200°C/24 h is corroborating well with the TGA results for the air synthesized sample. From both TGA and XRD results, it is evident that removing/decomposing BaCO 3 secondary phase from the sample synthesized in air is difficult even after heating to 1200°C/24 h, which is not the case in samples synthesized under controlled atmosphere. The calculated lattice parameters for both air and N 2 prepared samples are 4.193 70.001 Å, which is very close to the reported values [41, 42] . Fig. 3 shows the scanning electron microscopy images of calcined BZY10 powders. The powders consist of agglomerated nanosized particles, the size and agglomeration increases with increasing calcination temperature, as expected. Fig. 4 shows the TEM images of BZY10 samples synthesized in air or under N 2 after calcination at 900 and 1200°C. The particles of both samples are more or less agglomerated depending on the experimental condition such as temperature of heat treatment and synthesis approach. Very dense agglomerates constitute the sample produced under laboratory air after calcination at 900°C. The increase of the heat treatment temperature to 1200°C promotes particle sintering (neck formation) and a cubic shape can be identified with a broad distribution of sizes in which edge lengths were estimated between 20 and 150 nm. The samples produced under nitrogen are less agglomerated after heat treatment at 900°C, compared to the samples produced in laboratory air. Single cubic particles are still maintained and present a sharper distribution of edge lengths varying between 10 and 20 nm. The heat treatment at 1200°C for 24 h promotes the formation of relatively small agglomerates of sintered nanometric particles.
This behavior indicates that the particles produced under N 2 have cleaner surfaces, are less agglomerated, have better growth control, compared to the samples produced in air.
The powders were uniaxially cold pressed to pellets and sintered in air at 1600°C/4 h. The samples synthesized under N 2 inside a glove box and dried under vacuum at room temperature achieved higher density than the samples synthesized in laboratory air and dried at 80°C. This behavior suggests that controlling the drying procedure is important for obtaining high quality powder particles, also cleaning the precursor surface by removing water and other contaminant species, avoids particle agglomeration. In addition, the increase of the calcination temperature from 900 to 1200°C leads to a decrease in the relative density, which is probably related to particle agglomeration at higher temperatures, inhibiting mass transport during sintering.
Images of the surfaces of the sintered BZY pellets are shown in Fig. 5a -f. The surfaces of sintered pellets using powders synthesized in air (Fig. 5a and b) show grains of irregular shapes with average sizes increasing with increasing calcination temperature of the powders. On the other hand, sintered pellets from powders synthesized under N 2 ( Fig. 5c-f consequent enhancement of the electrical conductivity due to the decrease in the grain boundaries density, which promotes the better transfer of charge carriers. The impedance plots measured at 530°C of the BZY10 sintered samples are shown in Fig. 6 . For the samples synthesized in air, only one semicircle is resolved. The semicircles start from the origin indicating that the bulk resistance is much smaller than the grain boundary resistance [14, 43, 44] . The analysis of the impedance plots allows the evaluation of the capacitances (Table 1) , which could be associated with the major contribution of the grain boundaries (10 À 11 F/cm). The high grain boundary resistance might be due to a space charge layer, which inhibits the charge carrier transfer at these interfaces. Three semicircles are apparent in the impedance diagram of the N 2 samples, at high frequencies (HF), medium frequencies (MF) and low frequencies (LF). The capacitance values associated to the HF semicircle (10 À 10 F/cm À 10 À 11 F/cm) indicate the contribution of the grains to the total resistivity, the values corresponding to the MF semicircle (10 À 8 F/cm À 10 À 9 F/cm) are related to grain boundaries [45] ; the LF semicircle is due to electrode polarization. The total resistivity (grains and grain boundaries) increases in the following order:
. This behavior is illustrated in the Arrhenius plots of the total conductivity shown in Fig. 7 . The samples synthesized under nitrogen achieve the higher total conductivities. The sample BZY10-N 2 heat treated at 1200°C/24 h achieved the highest total conductivity, suggesting it is composed of larger grains and/or cleaner intergranular regions. The activation energy was evaluated from the slope of the straight lines in Fig. 7 and the values are shown in Table 1 , together with the capacitance values. The total conductivity of sintered pellets prepared with powders synthesized under N 2 and calcined at 1200°C is 120 times higher than the total conductivity of pellets prepared with powders synthesized in laboratory air.
The values of the activation energy (0.38 À 0.39 eV) agree with reported values [46, 47] .
Comparison with other methods of synthesis
The main challenges encountered to the use of yttrium-doped barium zirconate solid electrolytes in solid oxide fuel cells are the synthesis of sinteractive powders (not requiring high sintering temperature) and the blocking of protons at the interfaces (that promotes large grain boundary resistivity). Sol-gel, polyacrylamide, combustion, coprecipitation are synthesis methods used to produce BZY powders with high sinterability to obtain dense compacts after sintering [16, 18, [20] [21] [22] [23] . The main advantage of the OPM over other methods is that it leaves no residues [33, 34] , which could otherwise promote deleterious effects on the proton conductivity. Moreover, stoichiometry is preserved and the primary particles are in the nanosize range with consequent high sinterability of the compacts [35] [36] [37] . Therefore, the OPM is a suitable alternative to synthesize high quality SOFC electrolytes. Even though most of those methods produced sinteractive ceramic powders, solving the first challenge, comparison of the electrical performance of consolidated powders using those powders is difficult due to different experimental conditions (steam concentration, water adsorption [43, 48] ) for evaluation of the electrical conductivity.
Conclusions
Yttrium-doped barium zirconate ceramic solid electrolytes were synthesized by the oxidant peroxide method under different ambient conditions, namely, laboratory air and controlled nitrogen atmosphere inside a glove box. The samples made in different synthesis atmosphere, show different electrical behavior. It was found that surface of the powder particles, obtained by limiting water and CO 2 content under nitrogen and avoiding prior particle agglomeration during the precursor drying procedure, produces denser sintered pellets with improved electrical conductivity (120 times). The emphasis here was to show that powders with particle surfaces nearly free of attached chemical species provide consolidated ceramic pieces with improved electrical properties. Moreover, that procedure may be extended to other chemical methods of synthesis. 
